In this study, we report on investigations of the electronic structure of SrTiO3 annealed at temperature ranging between 550 and 840
I. INTRODUCTION
Stoichiometric SrTiO 3 is a perovskite-type band insulator with Ti 4+ compositions having an indirect band gap of 3.25 eV [1] . It is usually used as a substrate for epitaxial growth of perovskite-type compound films. The heterostructures integrated with SrTiO 3 and other oxides have been found to exhibit ferromagnetism, superconductivity and insulator-metal (IM) transitions at the interface [2] [3] [4] [5] . More recently, a lot of attention have been focused on transport and magnetic behavior of SrTiO 3−δ single crystals with oxygen vacancies (O vac ) due to their potential for designing functional materials with desired conductivity [6, 7] . The IM transitions can be found in electron doped SrTiO 3 surfaces where doping can be achieved by partial substitution of Sr (or Ti) by La (or Nb) [8, 9] or by creating O vac through ultrahigh vacuum (UHV) annealing [6] . The IM transitions in electron doped SrTiO 3 are found to be closely related to the unique electronic structure derived from the Ti 3d and O 2p hybridized orbitals. The electronic behavior of doped compounds with Ti 4+ and Ti 3+ mixed valence systems is dominated mainly by the competition among the electron-phonon coupling, the electronic repulsion, and the kinetic energy of the carriers [10] [11] [12] [13] [14] . The near Fermi level (E F ) electronic behavior of these mixed valence compounds with O vac depend on the topology of the TiO 6 octahedra in their structure. The electronelectron interaction and the kinetic energy of the charge carriers are sensitive to the deformation of the TiO 6 octahedra with O vac in the lattice. There have been many photoemission studies highlighting the gap-states in the near E F region in La-doped and Nb doped SrTiO 3 thin * Electronic address: palp@nplindia.org, Tel: +91- films with no significant O vac [8, 9] . The density of states (DOS) in electron doped SrTiO 3 cannot be explained within the rigid band model, suggesting that the gap states observed in La doped and Nb doped SrTiO 3 may indeed have the same origin. However, the role of O vac in the electronic structure of SrTiO 3−δ has not yet been explored. By creating O vac through annealing, electrons are doped, which in general increases the chemical potential. The chemical potential is one of the most fundamental physical quantities in the electron doped systems and can be measured through the shifts of photoemission spectra. Recently, electronic phase separation is observed in metallic LaAlO 3 \SrTiO 3 interface [2] . However, it is unclear whether the O vac in SrTiO 3 surface would also lead to such electronic phase separation. Such phase separation phenomena have attracted our attention because it results in the pinning of the chemical potential by the vacancy induced states formed within the band gap of stoichiometric SrTiO 3 . Therefore, it is important to investigate possibility of such chemical potential pinning in the SrTiO 3−δ through the measuremnets of chemical potential shift when it is annealed under UHV conditions. Apart from charges, the orbital degrees of freedom also play an important role in this scenario [15] . The charge carriers are strongly influenced by the symmetry of the Ti 3d orbitals hybridized with the O 2p orbitals of the TiO 6 structures.
In order to understand the nature of the near E F spectral weight behavior in SrTiO 3−δ surface, we have studied the electronic structure changes of SrTiO 3 as a function of O vac . The O vac created by UHV annealing can produce electrons, which will occupy the two neighboring Ti sites of the TiO 2 plane [16] . Thus, the vacancies are ionized and the Ti 4+ in the SrTiO 3 is reduced to Ti 3+ . We studied the Ti 3+ evolution as a function of annealing temperature. We have deduced the chemical potential shift from the core level shifts of photoemission (PES) spec-tra as a function of annealing temperature. By creating O vac through annealing, electrons are doped, which raise the chemical potential without indication of pinning of chemical potential. The results show that there is no intrinsic electronic phase separation of charge carriers when SrTiO 3 is annealed up to 840
• C. The O vac concentration is proportional to the annealing temperature. With low filling of the Ti 3d band, these materials lead to the formation of new spectral features of Ti 3d like character below the Fermi level (E F ). Our studies show a shift in the near E F gap-states as a function of annealing. At sufficiently low O vac in the temperature range 550
• C -725
• C the gap-states are localized at ∼ 3.0 eV below E F in the sense that the electrons are being trapped by the O vac and will not contribute to the conductivity of the sample. On the other hand, above 725
• C annealing temperature the gap-states become delocalized at ∼ 1.0 eV below E F and are responsible for the conductivity of the sample. The shifts of the gap-states with the IM transitions are highly non-rigid band like in the sense that the gap-states build up intensity at ∼ 1.0 eV below E F with increasing O vac .
II. EXPERIMENT
High purity single crystalline samples of SrTiO 3 (100) (Crystal-GmbH) were used in this study. The stoichiometric SrTiO 3 samples were heated in situ to different temperatures in the range 200
• C -840
• C under UHV conditions and kept at constant temperature for more than 6 h, after which the samples were cooled down to room temperature before photoemission measurements. In all the cases, the base pressure inside the chamber during the thermal treatment was better than 1.0 x 10
Torr. The cleaned surfaces were found from 550
• C annealing temperature onwards, as confirmed by the absence of carbon and surface oxygen peaks in PES spectra. We do not observe any time-dependent core-level energy shifts from 550
• C sample onwards measured within a day. Photoemission measurements were performed using Omicron mu-metal UHV system equipped with a twin anode Mg/Al X-ray source (DAR400), a monochromator and a hemispherical electron energy analyzer (EA 125 HR). All the photoemission measurements were performed inside the analysis chamber under base vacuum of ∼ 1.0 x 10 −10 Torr using monochoromatized Al Kα line with photon energy 1486.60 eV. The spectra reported here were obtained at an emission angle of 30
• . The binding energy calibration was done by measuring Au 4f 7/2 and the Fermi energy (E F ) of an Au film in electrical contact with the sample. The total energy resolution, estimated from the width of the Fermi edge, was about 400 meV for monochomatic Al Kα line with photon energy 1486.60 eV. The sample temperature was measured by using a calibrated thermocouple sensor touching the sample plate. Each temperature measurements including the reference sample data were completed within a day. Figure 1 shows the core level photoemission spectra of the O 1s, Ti 2p 3/2 and Sr 3d recorded using monochoromatized Al Kα line with photon energy 1486.60 eV. Comparing the background to signal ratio there is a reduction of O 1s and Ti 4+ peak intensity with increasing annealing temperatures while Ti 3+ intensity increases with in-creasing annealing temperatures. On the other hand, the intensity of Sr 3d shows a marginal change with annealing temperatures. It is important to stress that in the temperature range 200
• C -500
• C the amount of carbon and a satellite structure on the high binding energy side of the O 1s core level are progressively decreasing. The satellite structure on the high binding energy side of the O 1s core level is a signature of the oxygen contamination on the surface [17] . For a quantitative estimate of the annealing dependent atomic ratio changes from the integral peak areas of the O 1s, Ti 2p and Sr 3d core level spectra we have fitted the peaks using Lorentzian-Gaussian line shapes after background correction. The peak areas are then normalized to the inelastic mean free path, photoionization cross-section and analyzer transmission function (1st approximation). The nominal compositions of the different samples obtained from this procedure are listed in Table 1 . The reduction of oxygen was ∼ 0.4, 0.7, 1.2, 1.1, 1.3 and 1.9% respectively in 550, 600, 660, 725, 780 and 840
• C samples. This confirms that the presence of O vac keep on increasing with an increase of annealing temperature. The weak Ti 3+ peak has ∼ 2 eV lower binding energy than the Ti 4+ peak centered at ∼ 459.5 eV binding energy which is consistent with other studies [9, 18] . The spectra shown in Fig. 1(b) , which were taken at different annealing conditions, demonstrate the transfer of spectral weight from Ti 4+ peak to Ti 3+ peak with UHV annealing. This corresponds to a mixed Ti
3+
and Ti 4+ state in SrTiO 3 resulting from the elimination of oxygen. The transfer of spectral weight is found to increase with increase in annealing temperatures. Thus we can infer that the samples which are annealed at high temperature under UHV conditions are more conductive than the low temperature annealed samples. The formation of O vac in SrTiO 3 (100) surface is proportional to the UHV annealing temperature.
The Ti 2p core level spectrum carries a substantial amount of physics involved in the properties of this material with annealing. For a quantitative estimate of the Ti 3+ content we have fitted the Ti 2p core-level peak. A Shirley background has been subtracted from the raw data. Results of the data fit are shown in Table 1 and Fig. 2 . The spectra consist of two pair of lines and in each pair one appears as a shoulder on the low energy side of the other. The development of low energy side of the Ti 2p core level provides clear evidence for the presence of Ti 3+ ions and thus the formation of an electron doped state in the sample. The Ti 3+ component was ∼ 1% for 550
• C sample and ∼ 5% for 840
• C sample. The appearance of the Ti 3+ ions in the Ti 2p spectra is consistent with the observations of gap states in the valence band spectra (Fig. 5) . Figure 3 shows the core level spectra shifted along the y axis by a constant for clarity. The vertical line demonstrates the estimated peak positions of the core levels. We have used the midpoint for the core levels since the line shape of the core levels does not change much with annealing. Here, we concentrate on the subtle changes in 
4+
signal and an increase of Ti 3+ signal with increasing annealing temperature. While Sr 3d peak intensity does not change with annealing. the binding energy of the core levels. The O 1s and Sr 3d core levels are shifted to lower binding energy while Ti 2p is shifted to higher binding energy with increasing annealing temperature. The shifts of Ti 2p core level to higher binding energy side are consistent with the earlier reports on n-doped SrTiO 3 using photoemission spectroscopy [19] . This shift in the core level spectra can be explained by the chemical potential shift. In order to estimate the chemical potential shift from a set of core-level spectra, we have used the formula that the shift of the binding energy (∆E B ) is given by ∆E B = ∆µ + K∆Q + ∆V M + ∆E R [20] , where ∆µ is the change in the chemical potential, K is the coupling constant of the coulomb interaction between the valence and core electrons, ∆Q is the change in the number of the valence electron with UHV annealing, ∆V M is the change in the Madelung potential, and ∆E R is the change in the core-hole potential due to screening. In Fig. 4(a) , we have plotted the binding energy shift of the O 1s, Ti 2p and Sr 3d core-levels relative to 550
• C sample. The shifts in the binding energy of Au 4f 7/2 core level were monitored throughout the experiment and plotted as a function of annealing temperature [ Fig.4(a) often be excluded from the main origin of the core-level shifts since the Ti 3+ content is only ∼ 5% for 840 • C sample. Therefore, we can assume that ∆E B ∆µ + ∆E R . The O 1s and Sr 3d core levels shift toward lower binding energies with electron doping by creating O vac . It would be expected from the chemical potential shift if the shifts of O 1s and Sr 3d core levels are in the opposite direction with electron doping. Therefore, we conclude that the shifts of the O 1s and Sr 3d core levels are largely due to the core-hole screening (∆E R ). The opposite shift of the Ti 2p core level can be explained by the the chemical potential shift. We have estimated ∆µ using the Ti 2p core level shifted toward higher binding energies with annealing. In Fig. 4(b) band in the valence band (Fig. 5) is not shifted, and therefore, the chemical potential is not pinned by the vacancy induced states formed within the band gap. The monotonous increase of chemical potential shift is consistent with the observation of progressive increasing of Ti 3+ component. Therefore, observed shift of the chemical potential with UHV annealing rules out the existence of electronic phase separation in SrTiO 3−δ . Figure 5 shows the valence band (VB) photoemission spectra of the SrTiO 3 samples taken at different annealing temperatures. All the spectra are energy calibrated relative to the Fermi energy of Au film in electrical contact with the sample. Intensities of all the spectra were normalized and shifted along the ordinate axis by a constant value for the clarity of presentation. All the features seen in the spectra are dominated by the states due to Ti 3d -O 2p hybridization. The broad feature appearing at ∼ 7.1 eV (marked C) is due to the bonding states of this hybridization while its non-bonding states appear at ∼ 5.2 eV (marked B). A discussion on these spectral features can be found in earlier reported experiments and band structure calculations on similar systems [8, 21, 22] . At 1486.60 eV photon energy, the emission features B and C are dominated by O 2p states due to their higher cross section compared to Ti 3d states [23] . The figure also shows that there are no drastic changes in features B and C as a function of annealing, which indicates no electrons transfer among bonding and non-bonding states as annealing temperature is increased from 550 to 840
• C. The peak at ∼ 3.0 eV (marked A ) for 550, 600 and 660
• C • C sample, which is thus set to zero, plotted as a function of annealing temperature. Au 4f 7/2 core level shifts relative to 550
• C annealing temperature also plotted. (b) Chemical potential shift plotted as a function of annealing temperature. The shifts are negligible for samples heated between 550 to 600
• C.
samples is due to the mixture of Ti 3d, 4s and 4p states of the distorted TiO 6 octahedra while these states for 725, 780 and 840
• C samples appear at ∼ 1.0 eV (marked A) [24, 25] . Above 725
• C sample, the intensity of peak A near E F shows a substantial enhancement. The observed changes in these states will be discussed in the following paragraphs.
The expanded spectra of near E F region are shown in Fig. 6 (a) where annealing induced gap states are more clearly observed. Density of the gap states governs the materials physical properties. Here, we concentrate on the subtle changes in the near E F spectral features, marked as A and A . The 725, 780 and 840
• C samples have a significantly high spectral intensity at A near the E F , depicting the metallic nature of these samples. On the other hand, the 550, 600 and 660
• C samples display a soft gap at A. One can see that there is a shift in the spectral weight from A to A as we increase the annealing temperature from 550 to 840
• C. Band structure calculations based on density functional theory (DFT) using the generalized gradient approximation (GGA) with a Hubbard U have shown that both these features arise from the Ti 3d, 4s and 4p hybridized orbitals [9, [24] [25] [26] [27] [28] [29] due to the O vac . For sake of comparison and clear manifest of the feature A, spectra corresponding to each annealing temperature plotted together with the 550
• C sample, are shown in Fig. 6 (b) . A close observation and comparison of Fig. 6(b) reveals that the spectra from 550, 600 and 660
• C samples do not show any distinct feature corre- sponding to A as in the case of the 725, 780 and 840
• C samples. The building up of DOS at A is associated with the O vac in the SrTiO 3 system with progressive UHV annealing. The IM transition in SrTiO 3−δ was accompanied by the depletion of the feature at A due to the transfer of some DOS from A to A. When the annealing temperature is increased to 725
• C the states melt to the position of A due to the changes in the overlap of different Ti orbitals, as a consequence of structural changes via Ti 4+ -O-Ti 3+ bond angles. The broadening of the feature A becomes stronger with UHV annealing, resulting in increased delocalization of electronic states (metallic behavior) with increasing UHV annealing. The delocalization behavior of the charge carriers and thereby a shift of the spectral weight in the near E F region, is generic to the IM transitions in electron doped SrTiO 3 with the presence of O vac .
The energy difference between the top of the valence band and the E F is about 3.2 eV which is approximately the band gap of the stoichiometric SrTiO 3 . Therefore, the first available unoccupied states (conduction band edge) are located just below 0 eV binding energy. With an increase in annealing temperature the Ti 3+ content increases progressively and leads to a closing of the stoichiometric band gap. The • C sample, depicting the growth of A with higher annealing temperatures.
placing the Ti atoms in a slightly shifted position with respect to the oxygen cage and hence create a local electrical polarization [25] . When Ti 3+ component is small, the extra electron may get trapped by the O vac and do not contribute towards conduction. In the temperature range between 550 -660
• C samples the O vac are small and are thus low carrier density (insulators). With its small O vac and accordingly small distortions, the charge carriers are localized. Consequently, this can result in the higher binding energies (A ) of the electronic states in the gap region. With an increase in Ti 3+ component the local electrical polarization increases and thus, the electrons become delocalized and contribute to the transport behavior of the samples. Therefore, in the temperature range between 725 -840 • C, those states are located in the near E F region (A). Thus, these states at A for the 725, 780 and 840
• C samples appears broader suggesting that they are delocalized and contribute to the transport behavior of the samples. This reveals that annealing in the temperature range between 550 -660
• C results in gap-states right above the valence band maximum while high temperature annealing provides delocalized states in the near E F region.
IV. CONCLUSIONS
We have investigated the electronic structure of SrTiO 3−δ using monochoromatized x-ray photoelectron spectroscopy.
Annealing under UHV induces light electron doping via oxygen vacancies in stoichiometric SrTiO 3 . Using core-level photoemission spectroscopy we have deduced the chemical potential shift as a function of annealing. With increase in annealing temperature the chemical potential monotonously moves upward which suggests that there is no electronic phase separation on SrTiO 3−δ and it rules out any sign of chemical potential pinning over the investigated temperature range. Further, we infer from our results as well as the results from the band structure calculations that the gap states have strongly mixed character of Ti 3d, 4s and 4p states. A shift of DOS in the gap-states indicate the IM transition with electron doping as a function of UHV annealing. The building up of DOS as a function of annealing could be ascribed to the structural distortions induced by oxygen vacancies.
